Nutrition plays an important role in proper physical and cognitive functioning. However, there is limited evidence on the relationship between overall diet, cognition, and academic success in children, particularly among low-income and diverse groups. The objective of this study was to examine the relationships between healthful versus less healthful food group intake, cognitive performance, and academic achievement in a diverse sample of schoolchildren. 868 urban schoolchildren (age 8 to 10 years) participated in the study. Intake of healthful (fruits, vegetables, unsweetened beverages) and less healthful (sweet and salty snacks, sugar-sweetened beverages) food groups was determined via a food frequency questionnaire. Digit Span and Stroop test scores were used to assess cognitive performance. Academic achievement was assessed via standardized test scores. Multiple Poisson and multiple linear regression were used to test the associations between diet and cognitive scores. Multiple ordered logistic regression was used to assess the associations between diet and academic achievement. Potential confounders (age, sex, body mass index (BMI) z-score, race/ethnicity, English language learner status, individualized education plan enrollment, physical activity, and parent education level) were tested for inclusion in all models. The sample included 868 children (56.7% girls; 33.2% non-Hispanic white, 26.2% Hispanic, 17.1% multiracial/other, 8.3% non-Hispanic black; 40.5% overweight/obese). The most frequently consumed foods were fruits and sweet snacks (1.9 and 1.6 servings per day, respectively). There were no statistically significant associations between diet and cognitive test scores. Greater intake of less healthful food groups (sweet snacks, salty snacks, and sweetened beverages) was associated with lower math (OR = 0.91, CI [0.84, 0.98], p = 0.014) and English standardized test scores (OR = 0.87, CI [0.80, 0.94, p = 0.001). Greater intake of sweet snacks and fruits was associated with lower English scores (OR = 0.72, 95% CI [0.59, 0.88] p = 0.001; and OR = 0.75, 95% CI [0.72, 0.94] p = 0.003, respectively). Consumption of less healthful food groups was associated with poorer academic achievement. Further research may shed light on unexpected associations between fruit consumption and achievement. Policies targeting multiple dietary components may positively influence child academic achievement and development.
Introduction
Cognition is a set of higher mental functions including memory, learning, and attention; it is demonstrated to be a significant predictor of a child's academic achievement and his/her future quality of life [1, 2] . Nutrition plays an important role in proper physical and cognitive functioning, particularly during childhood. Recent evidence demonstrates that children in the United States (U.S.) are not meeting dietary recommendations [3] [4] [5] . It has been suggested that nutrient insufficiency in children may be due to dietary patterns rich in sweet and salty snack foods and sugar-sweetened beverages (SSBs) and low in fruits, vegetables, and whole grains [4, 6] . It is widely accepted that individual foods and nutrients may have interactive and potentially cumulative effects on health. For this reason, the 2015-2012 Dietary Guidelines for Americans shifted the focus of its recommendations from foods and nutrients to overall eating patterns [3] . While there is a substantial body of evidence concerning the association between single micronutrients or foods and cognition, there is limited evidence on the relationship between overall diet and mental capacity in children [7] [8] [9] [10] . In particular, more research is needed on the impact of food groups on cognition and academic success in children to inform effective intervention strategies [10, 11] .
Recent findings from neuroscientific research point to an interplay between diet and cognition independent of weight status and physical activity [12] . Several studies in animal models and adults demonstrate that "Western diets"-intake patterns abundant in refined carbohydrates including sugar and saturated fat-can have a negative effect on learning and memory [13] [14] [15] , while intake of foods with high levels of flavonoids and antioxidants, such as fruits and vegetables, have been shown to ameliorate cognitive impairment [14] . In children, there is ample evidence regarding the role of single micronutrients or foods; however, results are frequently inconclusive or conflicting [16] [17] [18] [19] [20] [21] . In addition, single nutrients may have synergistic or antagonistic effects in different contexts, suggesting that overall diet or consumption of specific food groups may be more effective targets for public health interventions [10, 22] .
There is more consistent, but limited evidence on the role of healthful versus less healthful food group intake and cognition in children [10] . One systematic review found overall weak, positive associations between healthful diets (patterns rich in fresh fruits, vegetables and whole grains) in early life and intelligence quotient (IQ) in later childhood and weak, negative associations between discretionary eating patterns (soda, sweets, and refined grains) and IQ [23] . Notably, the review's study population did not include a wide range of racial and socio-economic backgrounds, limiting generalizability. Potential modifying factors in the relationship between diet and cognition have also emerged. There is some evidence that gender, age, parental education, household income [24, 25] , weight status, physical activity [9, 23, 26, 27] , and breakfast consumption [28] may play a role, but there is limited research examining these factors simultaneously.
Diet and Academic Achievement
Most studies examining the relationship between dietary intake and academic achievement have focused on specific foods or nutrients, with relatively few examining the relationships between consumption of foods groups and academic performance in children. Breakfast consumption has emerged as a positive predictor, and fast food and sweetened beverage consumption as negative predictors of academic achievement in a 2017 systematic review [29] . Notably, the majority of studies included did not use a validated dietary assessment method, and most considered a single aspect of diet, such as breakfast or individual nutrients instead of multiple dietary behaviors [29] . In addition, the 2017 review found that only 10 of the 40 studies examined included ethnicities other than Caucasian, and only 1 studied was done in an exclusively low-income population [29] . A later study found a positive relationship between vegetable consumption and verbal test scores, and a negative association between SSBs and math scores [30] . Similar studies have found weak, positive associations between diet quality scores and academic performance [26, [31] [32] [33] .
Even with the demonstrated link between diet, cognition, and academic achievement, evidence regarding the impact of consumption of food groups alone and in combination is still lacking, and there is a paucity of research examining diet and academic performance in lower-income and diverse schoolchildren. There is also a need for research that examines multiple factors related to diet and school performance concurrently, using rigorous, objective measures. Therefore, the aim of this study was to investigate associations between intake of healthful and less healthful food groups, cognitive measures, and academic achievement among a diverse, lower-income population of elementary schoolchildren participating in the Fueling Learning Through Exercise (FLEX) Study.
Methods
This study is a sub-analysis of baseline data from the FLEX study, a cluster randomized controlled trial designed to evaluate the impact of two school-based physical activity programs on activity levels, as well as cognitive performance and academic achievement among lower-income and racially/ethnically diverse elementary schoolchildren in Massachusetts [34] . In brief, all 3rd and 4th graders (8 to 10 years old) from participating schools were eligible to enroll at baseline of the two-year study during the 2015-2016 school year [34] . FLEX study recruitment took place during two waves. Participants from wave one completed an alternate dietary screener and thus were not included in the present study [34] . A total of 1008 children from 8 school districts and 18 schools were enrolled during wave two recruitment [34] . Of these children, 21 moved out of the school district or were absent from school during baseline data collection, for a total of 987 included in the current analysis. Apart from one school from a district with 34% low-income students, all enrolled districts had greater than 40% student eligibility for free-or reduced-price lunch and/or 40% racial/ethnic minority students [34] . All participants were required to provide written assent and have a parent or caregiver provide written, informed consent. The Tufts Institutional Review Board (IRB) as well as individual school district IRBs approved the study.
Demographics.
The FLEX study data collection procedures are described in detail elsewhere [34] . Child's date of birth, age at time of enrollment, sex, race/ethnicity and parent education level were collected through a self-reported questionnaire by a parent or guardian at baseline. Child's height and weight were collected at baseline by trained research assistants according to standard protocol [34] . BMI Z-score was calculated as weight in kilograms per height in meters squared, adjusted for child age and sex per the Centers for Disease Control and Prevention BMI-for-age reference charts [35] . BMI percentiles were classified as underweight (<5th percentile), normal weight (5th-85th percentile), overweight (85th-95th percentile), and obese (≥95th percentile) according to accepted cut points for use in descriptive analyses [36] .
Diet
Dietary intake was assessed by child self-report using the validated FLEX Food Frequency Questionnaire (FLEX FFQ) [37] , a paper and pencil questionnaire adapted from several validated food frequency questionnaires [38] [39] [40] . Questionnaires were administered in small groups with the help of a research assistant. The FLEX FFQ includes 39 questions about the frequency (number of times in the past week) and amount (a little, some, a lot) of foods commonly consumed by the study population. Portion sizes are matched to standard serving size equivalents (a little = 1 2 serving; some = 1 serving; a lot = 1.5 servings). The questionnaire is not designed to assess total dietary intake, instead asking about how often categories of foods that are more healthful (fruits, vegetables, milk, water) and those that should be limited (sweetened beverages, salty snacks, sweet snacks) are consumed [3, 37] . Daily serving sizes are calculated by dividing the total reported days the item was consumed by the reported number of servings. A breakfast questionnaire was used to assess whether students consumed breakfast on the day of the cognitive tests and whether they typically eat breakfast on weekdays.
Cognitive Assessments
Cognitive assessments were administered by trained research assistants one-on-one in quiet areas during the school day. The Digit Span (DS) Forwards and DS Backwards are widely used measures of attention, concentration, executive functioning, and short-term memory in children [41, 42] . The test involves listening to a sequence of numbers read aloud and repeating back the sequence verbatim (DS Forwards) or in reverse order (DS Backwards). When the sequence is repeated back correctly, a new sequence one digit longer is presented. After an incorrect response, the child is given a second attempt with a different sequence of the same length. Scores reflect the longest sequence correctly repeated back by the child. While both tasks are used to assess short-term memory, with higher scores indicating improved memory processes [41] , the DS Forwards is most sensitive to measuring short-term memory and sequencing while the DS Backwards best captures deficits in working memory [41, 43] . Therefore, the DS Forwards and DS Backwards scores are used as separate, discrete-count outcome variables in analyses.
The Stroop color-word task is frequently used to assess attention and impulse control in child and adolescent populations [44] [45] [46] . In the FLEX study, a congruent and incongruent task were administered, each lasting 45 seconds. In the congruent task, the participant is given a card with 100 color-words (red, orange, yellow, green, blue, black, purple) printed in the same color ink as the word. They are asked to read aloud, in order, as many words as they can in 45 seconds. The second task presents a set of 100 color-words printed in a different color ink than the word (such as the word "green" printed in red ink), and the child is asked to say aloud the color of the ink, identifying as many as possible in sequence in 45 seconds. To complete the incongruent task, participants must inhibit a prepotent response (i.e., reading the printed word) and instead initiate a normally inhibited response to say the ink color [7, 44, 46] . To assess inhibitory control independent of a participant's reading or speaking ability, a ratio of Stroop incongruent score to Stroop congruent score was used as an outcome variable in analyses. Higher ratio scores indicate a better ability to override interference or the distraction caused by the contrasting word and color [45] .
Academic Achievement
Massachusetts Comprehensive Assessment System (MCAS) standardized test scores provided by the Massachusetts Department of Elementary and Secondary Education were used as an indicator of academic achievement. MCAS is a state-wide standards-based student assessment program for all elementary and high school students attending public school in the Commonwealth of Massachusetts [47] . Test results are used to evaluate student, school, and district performance according to the Massachusetts curriculum frameworks learning standards [47] .
Achievement levels are reported on the MCAS according to four categories: advanced, proficient, needs improvement, and warning. The cut-off for each level is determined by the minimum score needed to attain an achievement level, which applies across subject areas and grade. MCAS scores and achievement level are reported separately for math and English language arts. Because the MCAS mathematics and English language arts exams were administered to 4th graders and older during the 2014-2015 school year and the FLEX study enrolled 3rd and 4th graders at baseline, scores from 4th graders only were available for this study.
Information on English language learner status (yes/no) was collected as part of the MCAS test. Therefore, this information was only available for the subset of 4th graders who were eligible to take the exam.
Physical Activity
Waist-worn accelerometers (GT3X+, Actigraph LLC, Pensacola, FL, USA) were used to measure physical activity levels among participants in the FLEX study. Participants were instructed to wear accelerometers during all waking hours for seven consecutive days, except while swimming or bathing. Therefore, physical activity levels for those children who swam during the week may be underestimated. Mean daily minutes of physical activity levels (sedentary, light, moderate, vigorous) were assessed according to thresholds developed for children [48] . Children with at least 3 days and 10 hours of wear time per day were included in the analyses. A detailed physical activity assessment protocol is described elsewhere [34] .
Statistical Analysis
All statistical analyses were performed using Stata version 15 (StataCorp; College Station, TX, USA). Descriptive statistics were first calculated for the study sample.
Dietary Intake
Average servings per day of food groups as reported on the FLEX FFQ were used as continuous, independent variables in regression models testing the association between dietary intake, cognitive measures, and MCAS scores. Healthful foods were operationalized as total daily average servings of foods and beverages to encourage (fruits, vegetables, water, milk, and 100% fruit juice), while less healthful foods were operationalized as foods and beverages to limit (salty snacks such as chips, sweet snacks such as candy, soft drinks, sports drinks, and flavored juice drinks), as described in previous works [3, 37] . Relationships between total reported intake in servings per day of individual food groups (fruit, vegetables, salty snacks and sweet snacks, unsweetened beverages, SSBs) and the outcomes of interest were also examined.
Dietary Intake and Cognitive Outcomes
The relationship between intake of the healthful and less healthful food groups overall, as well as individual food groups, and DS Forwards and DS Backwards was assessed using Poisson regression. Poisson regression was chosen to account for the fact that scores were discrete, but not categorical variables [49] . Unadjusted and adjusted multivariate linear regression models were fit to test the relationship between food groups and Stroop test score ratio. Potential confounders in the association between dietary pattern and cognitive measure were identified from relevant literature and were individually tested for predictive power using a log likelihood test [8, 23, 24, [50] [51] [52] . These included age, sex, BMI for age Z-score, race/ethnicity, maternal and paternal education level, breakfast consumption on the day of the tests, and mean moderate-to-vigorous physical activity levels (MVPA). We used backwards elimination to exclude confounders and establish the final models [53] . Although the Stroop and digit span tests measure different types of cognitive function, they share the same broad categories of confounders [42] .
Dietary Intake and Academic Achievement
Academic achievement was operationalized as four discrete categories (advanced, proficient, needs improvement, and warning). Because the mean point difference between categories may vary and the categories contain a hierarchy, ordered logistic regression was used to examine the relationship between diet, MCAS math, and English language arts scores [49] . We ran a test of proportional odds for each model to ensure that the assumptions of ordered logistic regression were upheld [49] . Potential confounders, including age, sex, BMI for age Z-score, race/ethnicity, maternal and paternal education level, and mean MVPA were identified from similar studies and were tested for predictive power [12, 26, 29, 30, 32, 33] . Since breakfast questionnaires were not administered on the MCAS testing day, typical reported breakfast consumption (yes/no) was used as a covariate in academic achievement models. English language learner status, as reported on the MCAS, was also included as a potential covariate in academic achievement models; p-values less than 0.05 were considered statistically significant.
Results

Final Sample
Participants who had missing data from any food or beverage category (n = 38), or the DS Forwards, DS Backwards, Stroop congruent or incongruent score (n = 10), were not included in any of the analyses. Daily reported servings of food groups greater than 4 standard deviations above the mean were considered outliers and were also not included in the analysis (n = 71), for a final sample size of 868. Independent Student's t-tests were run to test whether subjects dropped because outliers were systematically different from other participants. We found no significant differences between the dropped sample and the main sample for any demographic variable, indicating that this group was a random sample of the total population.
Of the students with complete dietary data, 475 were 4th graders who were eligible to take the MCAS tests. Students missing either the mathematics or English language arts MCAS score from this subsample (n = 45) were dropped, for a final sample size of 430 students included in the diet and academic achievement analyses. We ran additional models to test associations with diet and cognitive outcomes in this subset of only 4th grade students in order to have matched samples for comparison with the academic achievement results. Table 1 includes demographic information for both the entire sample of 3rd and 4th graders (n = 868; 57% female) and the sub-sample of 4th-grade children that completed the MCAS assessment (n = 430). The overall study population included a high percentage of overweight and obese students (40.6%), approximately one-quarter of which was Hispanic. Roughly one-third of mothers and 43% of fathers reported an education level corresponding to high school or less. Within the subset of students who took the MCAS assessment, 21% were English language learners. 
Descriptive Statistics
Dietary Intake.
The highest reported mean servings of foods per day were fruits (1.9 servings), followed by sweet snacks (1.6 servings; Table 2 ). Soft drinks and fruit juice were the lowest reported mean servings consumed (0.3 and 0.4 servings, respectively). Most children (89%) reported eating breakfast on the day of cognitive testing and typically eating breakfast on weekdays (91%). 
Dietary Intake and Cognitive Outcomes
Mean DS Forwards and DS Backwards scores were 4.7 (SD = 1.09) and 2.8 (SD = 1.01), respectively. Age was positively and significantly associated with a higher DS score in all models (p < 0.01). Combined categories of healthful foods (fruits, vegetables, and unsweetened beverages) and less healthful foods (salty and sweet snacks and SSBs) were non-significant predictors of digit span score in unadjusted (not shown) and age-adjusted models ( Table 3) . All individual food groups were non-significant predictors of DS Forwards and DS Backwards scores. The mean ratio of incongruent to congruent Stroop test score was 0.4 (SD = 0.1). Higher BMI Z-score was associated with lower Stroop test score, and greater MVPA was associated with higher Stroop test score in all models (p < 0.01). Combined food categories and individual foods groups were non-significant predictors of the Stroop score in unadjusted models (not shown) and in models adjusted for BMI Z-score and MVPA (Table 4 ). 
Dietary Intake and Academic Achievement
Over 70% of students scored in the proficient or advanced categories on the mathematics assessment, while 58% scored in these two categories in English language arts (Table 1) . Female sex, English language learner status, individualized education plan (IEP) enrollment and higher BMI-z score were associated with lower math score, and higher paternal education was associated with higher math score in all models (p < 0.01). English language learner status and IEP enrollment were associated with lower English score, and higher maternal education was associated with higher English score in all models (p < 0.01). Less healthful food intake was associated with lower math (OR = 0.91, 95% CI = 0.84, 0.98) and English (OR = 0.87, 95% CI = 0.80, 0.94) scores, with the greatest effect seen for English score (Table 5 ). Higher reported intakes of fruits (OR = 0.75, 95% CI = 0.62, 0.91) and sweet snacks (OR = 0.72, 95% CI = 0.59, 0.88) were associated with lower English score after adjustment for sex, English language learner status, enrollment in IEP, mother's education level, and BMI Z-score. For a one-serving increase in sweet snacks, the odds of scoring in the advanced category compared to the lower categories on the English assessment decreased by 28 percent. There were no significant associations between individual food groups and math score. 
Discussion
There is a major gap in the literature regarding the relationship between dietary intake and cognition/academic achievement in socioeconomically disadvantaged children. This study examined the relationships between intake of more and less healthful foods commonly consumed by children from diverse, lower-income school districts in MA and cognitive/academic outcomes, taking into consideration multiple related factors including BMI, physical activity levels, breakfast consumption, behavioral issues, and socioeconomic variables. Our findings demonstrate that greater overall intakes of less healthful foods (sweet and salty snacks and SSBs) are associated with lower math and English standardized test scores, suggesting that dietary patterns rich in energy-dense, nutrient-poor foods are linked to lower academic achievement in this population.
These results are consistent with those reported in a systematic review by Burrows et al., which demonstrated a negative association between "junk foods" or SSBs and academic achievement in school children [29] . Notably, the majority of participants examined were from higher-income households, and socioeconomic factors were controlled for in only a small group of the studies. Our findings support the consideration of several covariates when examining diverse groups of children, including English language learner status, IEP enrollment, and parental education. In contrast to the results of Burrows et al., we did not find an association between achievement and breakfast consumption [29] . Since most (~91%) of FLEX 4th-grade participants reported typically eating breakfast, it is likely that our study was underpowered to detect an effect related to breakfast consumption.
Contrary to studies that demonstrate a weak but positive association between dietary intake of food groups and cognitive performance, we found no significant relationships between healthful and less healthful consumption patterns and cognitive measures [23, [54] [55] [56] . The exact dietary mechanisms that influence brain function remain unclear, but research demonstrates a link between foods rich in refined carbohydrates, such as SSBs and sweet snacks, with cognitive dysfunction [57] . Evidence from animal and human studies suggests that dietary factors can affect brain processes by influencing neurotransmitter pathway regulation, synaptic transmission, membrane fluidity, and signal transduction pathways [14] . While lack of healthful diets in children's daily lives is shown to interfere with learning processes or manifest in behaviors that hinder academic performance [26] , the impact of diet on cognition may be more pronounced early in life or when studied longitudinally over extended time periods [10] .
Surprisingly, we found no association between healthful food consumption and improved academic achievement. It is possible that consumption of unhealthy food items is more tightly linked to academic outcomes than that of healthier food items, or that the positive effects of healthful food intake are outweighed by the negative effects of less healthful foods. The FLEX FFQ, though shown to be a valid measure of child eating patterns within this diverse group of children, may not fully capture food groups positively associated with academic performance. It is also possible that the impact of healthful foods such as fruits and vegetables on brain function is most apparent after long-term consumption. This is supported by a systematic review of longitudinal studies demonstrating small, positive relationships between healthful diets during infancy and IQ later in childhood [23] . Paradoxically, we found an inverse association with fruit intake and English standardized test scores. It is possible that fruit intake may be a marker for overall sweet consumption, an idea that is supported by positive correlations between fruit intake and sweet snack/SSB intake in our sample (data not shown).
This study is limited by the use of an FFQ, which did not allow total calories to be controlled. The FFQ was designed to assess a subset of healthful foods (fruits, vegetables, unsweetened beverages) and less healthful foods (sweet and salty snack foods, SSBs) that are under-and overconsumed, respectively, within adolescent populations in the US [37] . Furthermore, since children often eat limited types and amounts of food and may have irregular eating patterns, using servings-per-day as a unit of measurement may introduce bias. There were a large number of observations of reported dietary intake that were implausible and were dropped from the analysis. However, some level of over-and under-reporting was expected, since the FFQ was child-administered and did not measure total diets. In addition, the FLEX FFQ was found to be a valid measure of intake within the FLEX study population. Although diverse, the sample was limited to children attending schools in lower-income Massachusetts public school districts and may not be generalizable to broader populations. English language learners may perform differently on cognitive tests, particularly Stroop, which measures one's inhibitory control (for example, if one sees the word "blue" written in green, it may be easier for an English language learner to read the word "blue"). Results regarding the relationship between dietary intake variables and academic achievement were limited to the subset of 4th graders who were eligible to take the MCAS exam. Finally, although we were limited by the cross-sectional design of this study, it allowed for observation of short-term dietary associations. Establishing the link between dietary patterns over time and cognitive health is an important next step.
The strengths of this study include a large and diverse sample of children from racial/ethnic minorities and low-socioeconomic status backgrounds, with academic achievement measures encompassing both cognitive tests and standardized test scores. The FLEX study utilized validated measures of diet and cognition, collected BMI values, and objectively measured physical activity levels; previous studies have often relied on self-report for these variables [23, 29] . We were able to control for additional confounding factors, including English language learner status in diet and academic achievement models and parental education in all models. This study examined the possible link between intake of food groups and patterns of healthful and less healthful foods that encompass the range of nutrients, or lack thereof, and performance and cognition.
Conclusions
This analysis provides further evidence regarding the association between diet, cognition, and academic achievement in diverse populations. Greater consumption of less healthful food groups was associated with significantly lower standardized math and English language arts test scores, suggesting that further recommendations should focus not only on encouraging healthful food group intake but also on minimizing foods that are less healthful to have a greater impact on academic success. Future work is necessary to corroborate these results. Our study did not demonstrate an association between dietary intake and cognitive measures, highlighting the need for further research to inform policies surrounding school food programs and nutrition messaging targeted toward youth and their families. Future research should focus on dietary patterns that are interpretable by general audiences, including children, parents, school staff, and policy-makers, to offer easily translatable nutrition advice. 
